We have not known how menopause synchronously influences brain morphology and function associated with visually stimulated sexual arousal in postmenopausal women. Aim: This study used a combination of functional magnetic resonance imaging and voxel-based morphometry to evaluate menopause-related brain morphological and functional changes in postmenopausal women. Methods: Nineteen premenopausal women and 19 postmenopausal women underwent functional and structural magnetic resonance imaging. Brain function activity was measured while the subjects viewed an erotic video clip. Main Outcome Measures: A 2-sample t-test was used for cross-analysis of the 2 groups for comparison of gray matter volumes (corrected P < .05) and brain activation (uncorrected P < .01). Results: Our study revealed a relationship between sexual function and morphological changes in postmenopausal women. Compared with premenopausal women, the postmenopausal group showed significantly lower brain activations in the major parts of the limbic system and basal ganglia, including the parahippocampal gyrus, head of caudate nucleus, insula, putamen, hippocampus, hypothalamus, amygdala, and globus pallidus, which are involved in sexual behavior and emotional responses. In morphometric analyses, postmenopausal women showed significantly decreased gray matter volumes of the insula, putamen, parahippocampal gyrus, amygdala, and anterior cingulate gyrus, most of which were associated with decreased functional activity during visual sexual arousal in postmenopausal women. In addition, the premenopausal group alone showed a positive correlation between the activity of the insula and the level of estradiol (Pearson correlation r ¼ 0.588; P ¼ .008). Conclusion: This study demonstrates an association between menopause-related brain function and morphological changes in postmenopausal women. This finding provides insight into the neural mechanisms associated with the sexual functional deficit in postmenopausal women.
INTRODUCTION
Menopause is defined as the permanent cessation of menstruation in women due to decreased functioning of the ovarian follicle with aging, and it represents a natural end to a woman's reproductive years. 1, 2 Reproductive stages in women can be divided based on the final menstrual period, and the postmenopausal period refers to the absence of actual menstrual cycle, with natural amenorrhea lasting 12 months or more. 3 A common problem in an aging society is decreased sexual function in postmenopausal women. A decrease in estrogen production in menopausal women leads to epithelial thinning and reduced lubrication of the genitalia during sexual arousal. 4 In about 45% of menopausal women, vaginal atrophy clinically manifests as a syndrome of vaginal dryness, itching, irritation, and dyspareunia. 5 Several studies 2, 6, 7 have reported diminished sexual desire and interest in postmenopausal women, as well as decreased sexual responsiveness. The effects of estrogen on brain structure have seldom been investigated using functional magnetic resonance imaging (fMRI) and voxel-based morphometry (VBM). A morphological study 8 reported a significant reduction in hippocampal volume of postmenopausal women compared with premenopausal women. A VBM study 9 that focused on the comparative effects of treatment with and without hormones found that menopausal women receiving estrogen therapy showed greater gray matter (GM) volumes, especially involving the amygdaloid-hippocampal complex and frontal, temporal, parietal, and occipital cortices. Kim and Jeong 4 reported that the blood-oxygen-level-dependent signal changes in the amygdala of women watching erotic videos were positively correlated with estrogen levels in women.
Sexual dysfunction in postmenopausal women is 2.3-fold higher compared with premenopausal women. 10 A metaanalysis of menopause-related sexual dysfunction worldwide reported that approximately 60% of women ages 40 to 64 years experienced sexual dysfunction; for example, the rate was 82.3% (on average) in Australia (2002-2011), 69.8% in South America (2003-2013), 63.5% in Asia (2002-2013), 60.3% in Africa (2009-2012), 54.5% in Europe (2007-2013), and 32.0% in North America (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . 11 A study correlating declining sexual function with activation of the central nervous system in postmenopausal women would be important for better understanding the neural mechanisms underlying the differences in sexual function associated with menopause. [12] [13] [14] [15] Most of the neuroimaging techniques evaluating sexual arousal in humans include fMRI and positron emission tomography. [16] [17] [18] [19] [20] Park et al 21 reported that the brain centers associated with visual sexual arousal in women include cingulate gyrus, insula, thalamus, and caudate nucleus. Bartels and Zeki 16 demonstrated significantly increased activities in the insula, anterior cingulate cortex, caudate nucleus, and putamen of healthy subjects viewing pictures of their loved partners and friends. Maravilla and Yang 22, 23 reviewed the utility of fMRI as a tool in assessing female sexual function in combination with clinical perspectives. Jeong et al 14 investigated declining sexual function following menopause in relation to brain activation in premenopausal and postmenopausal women. An excellent study 24 reporting the differential brain response to menstrual cycle in premenopausal women revealed that the dominant brain activation in response to sexual stimuli peaked in the midluteal phase, especially in areas such as the anterior cingulate gyrus, insula, and orbitofrontal gyrus. Another interesting study 25 used fMRI to establish a correlation between hot flashes, one of the most representative menopausal symptoms in postmenopausal women, and brain activation. The study revealed that hot flashes were related to activation of the insula and the anterior cingulate gyrus, which control the thermoregulatory mechanism. The studies mentioned above did not investigate the association between brain morphology and functional deficits.
Here, we assumed that morphometric and functional deficits are closely related to each other, and the combined results provide important insight into the hyposexuality of postmenopausal women. Using fMRI and VBM, this study explored functional and morphological variation in the brains of women.
MATERIALS AND METHODS

Subjects
Nineteen premenopausal (40.2 ± 6.7 years) and 19 postmenopausal (55.5 ± 2.6 years) women without brain dysfunction or a history of reproductive surgery participated in this study. All of the women were recruited via advertisements. None of the women had used any oral contraceptive, other hormone treatment, or steroidal drugs during the period at least 1 month prior to the experiment. Of the 19 premenopausal women, 17 were married and had 1.8 ± 1.0 children, and 2 were single. All of the 19 postmenopausal women were married and had 2.8 ± 0.7 children (Table 1 ). Of the 19 premenopausal women, 7 described their religion as Buddhist, 3 as non-Catholic Christian, and 2 as Catholic; 7 claimed no religion. In the postmenopausal group, 9 were Buddhists, 4 were non-Catholic Christians, and 4 were Catholics; only 2 claimed not to follow any designated religion ( Table 1) .
Assigning subjects into the premenopausal group or the postmenopausal group was based on natural amenorrhea or cessation of the menstrual cycle for at least 1 year or more and blood follicle-stimulating hormone (FSH) levels of 40.0 mIU/mL. Prior to the experiment, all of the experimental procedures were explained to them and the written informed consent was obtained. All of the experimental protocols were approved by our hospital internal review board (I-2008-05-065). 
Measurement of Serum Sex Hormone Concentrations
The venous blood samples of the forearm were obtained via routine vein puncture. The levels of estrogen, estriol, free testosterone (T), and sex hormone-binding globulin were measured using radioimmunoassay, and the levels of luteinizing hormone (LH), FSH, and estradiol were measured using chemiluminescence immunoassay. Statistical analysis (2-sample t-test) of the hormone levels was performed using SPSS 19.0 (IBM; Armonk, NY).
Assessment of Female Sexual Function Index
For objective measurement of sexual functioning in the subjects, the Korean version of the Female Sexual Function Index (FSFI) was used. 26 We conducted a 2-tier analysis of scores in each of the 6 domains and the total FSFI score using questionnaires completed by the pre-and postmenopausal groups. In addition, the correlation between the subjects' age and FSFI score was statistically analyzed.
Visual Stimuli and Procedure
The test procedure consisted of a rest phase for 30 seconds, an activation phase for 9 minutes, and a rest phase for 30 seconds (Figure 1 ). During the rest phase, subjects were asked to stare at a screen with a gray background and a white cross in the middle and to remain focused. During the activation phase, an erotic video consisting of consecutive sexual stimuli (caressing, fellatio, and cunnilingus between a man and a woman) was presented. The subjective response to the video footage presented during the fMRI experiment was assessed on the basis of a scale of 7 (0-6) for 3 domains: attention, interest, and sexual arousal. In addition, the video footage presented during the activation phase for 9 minutes was shown again right after the experiment to select the time interval with the highest degree of sexual arousal in each subject. The fMRI raw data acquired during the time phase with the highest sexual arousal was extracted for postprocessing the fMRI images.
MRI and fMRI Acquisition
The fMRI and T1-weighted images were acquired using a MAGNETOM Trio 3.0T MRI Scanner (Siemens Healthineers; Munich, Germany) and a standard birdcage-type head coil. To induce images of brain activation, the erotic videos were projected through a semitransparent screen to facilitate viewing through a mirror. The fMRI pulse sequence was gradient-echo echo-planar imaging with the following characteristics: repetition time/time to echo (2000/30 msec), field of view (22 cm Â 22 cm), matrix (64 Â 64), number of slices (30), slice thickness (5 mm), flip angle (90 0), and slice interval (0 mm). Each slice image was acquired from the axial plane parallel to the anterior commissure-posterior commissure line. The pulse sequence of the T1-weighted images was based on a multiplanar rapidly acquired gradient echo with the following characteristics: repetition time/time to echo (1900/2.35 msec), matrix (256 Â 256), and field of view (22 cm Â 22 cm).
MRI and fMRI Analyses
T1-weighted and fMR images were post-processed using SPM software. All of the T1 images in the 38 women were aligned with the anterior commissure-posterior commissure line. The Montreal Neurological Institute template was used to normalize the individual GM images, which were modulated. 27 A Gaussian kernel of 8 mm full width at half maximum was used to smooth the GM images. In order to compare GM volumes between the 2 groups, a 2-sample t-test (P < .05, family-wise error) was performed. During functional imaging, the 9-minute activation phase was divided into 9 segments of 1 minute each. Among the 9 segments, a single 1-minute segment that included the maximal sexual arousal based on the follow-up questionnaire was selected for post-processing ( Figure 1 ).
Movements of subjects with a gap exceeding ±2 mm of translation or ±2 of rotation during image acquisition may induce serious artifacts in fMRI images; therefore, a rigid body transformation was used to correct the subjects' movements by realigning the translation and the rotation between fMRI images. The individual data were normalized to the standard cerebral space, Montreal Neurological Institute coordinates, for the analysis of group-based findings. Finally, data grids of regular thick slices underwent a smoothing process of ungridding using a Gaussian kernel of 8 mm full width at half maximum. A sample t-test was used to analyze each group (uncorrected P < .005), whereas a 2-sample t-test was used for cross-comparison of the 2 groups (uncorrected P < .01). Pearson t-test was used to determine the association between the levels of sexual hormone and brain activation. Overlapping activation map and standardized T1-weighted images were analyzed using MRIcron (Chris Rorden's Neuropsychology Lab; Columbia SC). The activation ratio of a specified brain area was calculated using the following equation:
This activation ratio was used to ascertain the hemisphere dominance, and the term "activity" was used to represent the activation intensity, which is a voxel-based maximal t value in the corresponding brain area. Based on earlier fMRI studies, 14, [16] [17] [18] 20, 21 we identified 11 brain regions of interest related to sexual arousal: head of caudate nucleus, globus pallidus, putamen, anterior cingulate gyrus, insula, thalamus, hypothalamus, hippocampus, amygdala, septal area, and parahippocampal gyrus.
RESULTS
Blood Sex Hormone Concentrations
The sex hormone levels of premenopausal and postmenopausal women based on the 2-sample t-test were as follows: average levels of estrogen, 541.1 ± 333.3 pg/mL and 79.1 ± 42.9 pg/mL (P < .001), respectively; estradiol levels, 209.2 ± 175.7 pg/mL and 13.6 ± 7.6 pg/mL (P < .001); FSH levels, 5.9 ± 4.0 mIU/mL and 68.9 ± 18.7 mIU/mL (P < .001); LH levels, 12.5 ± 13.5 mIU/mL and 38.9 ± 11.6 mIU/mL (P < .001); sex hormone-binding globulin levels, 103.1 ± 32.2 nmol/L and 69.5 ± 17.6 nmol/L (P < .001); free T levels, 0.4 ± 0.3 pg/mL and 0.3 ± 0.2 pg/mL (P ¼ .325); and estriol levels, 3.0 ± 1.7 ng/mL and 2.5 ± 1.5 ng/mL (P ¼ .435).
Assessment of FSFI Questionnaire
In the pre-and postmenopausal women, the average total FSFI scores were 25.5 ± 7.5 and 16.6 ± 9.7, respectively (2-sample t-test; P ¼ .001); desire scores, 2.9 ± 1.1 and 2.5 ± 1.1 (P ¼ .349); arousal scores, 4.1 ± 1.5 and 2.7 ± 2.0 (P ¼ .023); lubrication scores, 4.9 ± 1.4 and 3.0 ± 2.3 (P ¼ .004); orgasm scores, 4.4 ± 1.5 and 2.9 ± 2.1 (P ¼ .014); satisfaction scores, 4.3 ± 1.5 and 3.0 ± 1.7 (P ¼ .012); and pain scores, 5.0 ± 1.8 and 2.6 ± 2.4 (P ¼ .001).
Brain Activation Induced by Visual Sexual Stimulation
In the pre-and postmenopausal women, the average scores for perceived sexual arousal following exposure to sexual stimuli were 3.5 ± 1.4 and 3.1 ± 1.6, respectively (2-sample t-test; P ¼ .538); scores for interest in sexual stimuli, 3.7 ± 1.8 and 4.1 ± 1.4 (P ¼ .709); and scores for attention to sexual stimuli, 4.3 ± 1.5 and 4.7 ± 0.9 (P ¼ .497). During the 9-minute activation, the time slots with the highest sexual arousal were the sixth segment, which included vaginal intercourse (7/19 subjects in each premenopausal and postmenopausal group), and the third segment, which included oral sex scenes (5/19 subjects in the premenopausal and 4/19 subjects in the postmenopausal group), followed by the first segment, which included an undressing scene (4/19 subjects in each premenopausal and postmenopausal group). The brain activities and activation ratios were calculated from 1-minute segment data including the time slot with the highest sexual arousal in each subject (P < .005). Figure 2 illustrates the hemisphere dominance in premenopausal (red color) and postmenopausal (green) women, as well as the overlapping brain areas (yellow) that were both activated in each group (1-sample t-test; uncorrected P < .005). As seen in Figure 2 , the premenopausal women showed a marked activation in the septal area, insula, and thalamus, which were predominantly activated in the right hemisphere, as well as the head of caudate nucleus, parahippocampal gyrus, putamen, amygdala, globus pallidus, hypothalamus, and hippocampus, which showed lefthemisphere dominance. In contrast, the postmenopausal women showed marked activation in the parahippocampal gyrus, hippocampus, thalamus, septal area, insula, globus pallidus, and amygdala, which were predominantly activated in the right hemisphere, as well as the head of caudate nucleus and putamen, which showed left-hemisphere dominance.
Comparisons of Brain Activities and GM Volumes
Compared with the premenopausal group, the postmenopausal women showed lower activities in the following brain regions: parahippocampal gyrus, head of caudate nucleus, insula, putamen, hippocampus, hypothalamus, amygdala, and globus pallidus ( Figure 3 and Table 2 ) (uncorrected P < .01). The postmenopausal women showed lower GM volumes in the insula, putamen, parahippocampal gyrus, amygdala, and anterior cingulate gyrus compared with premenopausal women (Figure 4 and Table 2 ) (corrected P < .05).
Relationships Between Sex Hormones and Brain Activities
The comparative analysis of the two groups based on sex hormone levels and intensity of brain activation in the 2 groups revealed a significant correlation only between estradiol levels and the activation intensity of the insula in premenopausal women (Pearson correlation r ¼ 0.588; P ¼ .008) ( Figure 5 ).
DISCUSSION
In this study, estrogen (P < .001) and estradiol (P < .001) levels in premenopausal women were about 7-and 15-fold Activation ratioð%Þ ¼ Activated number of voxel in specif ied brain structure Total number of voxels in the specif ied brain structure Â 100
Sex Med 2019;7:480e488 higher, respectively, compared with the postmenopausal group. However, the FSH (P < .001) and LH (P < .001) levels in postmenopausal women were 12-fold and 3-fold higher, respectively, than in the premenopausal group. The other sex hormones, including free T (P ¼ .325) and estriol (P ¼ .435), were not significantly divergent from each other in the 2 groups.
With regard to self-assessment of the 6 domain-based sexual functions in FSFI, the premenopausal and postmenopausal women scored 25.5 ± 7.5 and 16.6 ± 9.7 out of 36 points, respectively. Because the threshold score for sexual dysfunction in Korean women is 25 points, as defined by Song et al, 28 the postmenopausal women were assumed to be sexually dysfunctional physiologically and physically.
Another interesting finding of this study was the lack of significant difference between premenopausal and postmenopausal women based on their responses for the follow-up questionnaire on visual sexual stimulation in the fMRI experiment: attention (P ¼ .497), interest (P ¼ .709), and sexual arousal (P ¼ .538). However, postmenopausal women showed lower activations involving the parahippocampal gyrus, head of caudate nucleus, insula, putamen, hippocampus, hypothalamus, amygdala, and globus pallidus while viewing the erotic video. In this regard, we assumed that human libido or the perception of sexual stimulation and the degree of physiological response to sexual stimulation were inconsistent with one another.
The premenopausal women showed significantly dominant activation in the overall brain areas compared with postmenopausal women (P < .005). In particular, the hypothalamus showed 4.98% activation in premenopausal women, whereas no activation was found in the postmenopausal group. It should be noted that the hypothalamus controls the endocrine system associated with sexual arousal and functioning. In addition, the higher activation ratios in the putamen (premenopausal, 12.65%; postmenopausal, 0.02%) and head of caudate nucleus (premenopausal, 23.12%; postmenopausal, 1.20%) in the premenopausal group can be attributed to sexual arousal, as demonstrated by Walter et al. 29 Our study assessed GM volume alterations and brain functional changes in postmenopausal women and also determined the correlation between the intensities of brain activation and sex hormones. Compared with the premenopausal women, the postmenopausal women showed significantly decreased activity 14, [30] [31] [32] have demonstrated activation of the insula in conjunction with human sexual functioning. Our current study also showed a significant difference in the activation ratios of the insula between premenopausal and postmenopausal groups (10.59% vs 0.12%, respectively), which was consistent with the studies of Ortigue et al 31 level of estradiol in premenopausal women (r ¼ 0.588; P ¼ .008). Significant activation of the amygdala was observed only in the premenopausal group. These findings may be attributed to differences in acceptance of emotional stimulation and perception response due to varying levels of emotional memory and functional adjustment of the amygdala between the 2 groups. 34, 35 In addition, activation of the globus pallidus, which is one of the structures constituting the basal nuclei, can be integrated into the dorsal striatum to determine its possible association with the brain's reward system. 36 In summary, the study revealed significant differences between the premenopausal and postmenopausal groups in GM volume and brain regions related to sexual arousal, suggesting an important link between gonadal function and the endocrine mechanism. Our study is the first to evaluate both morphometric and functional variation in connection with visual sexual arousal in postmenopausal women; however, the study has several limitations. First, large-scale deviations in individual sex hormone levels resulted in inaccurate findings in the current study. These deviations result from differences in the endocrine systems of the subjects, as well as inaccuracy of measurement methods and hormone tests not considering menstrual cycles. Second, the differences in brain activation in the 2 groups excluded the possible role of aging. Third, our study focused on menopauserelated brain morphological and functional changes in postmenopausal women, without evaluating the correlation among sexual function, brain activation, and sex hormone levels; however, the relevant issue cannot be excluded in the future study. Further, other personal factors 37,38 that probably influence the morphological and functional parameters, such as emotional status, depression, marital characteristics, sexual health, cognitive functioning, religion, and personality, should be investigated in further studies.
CONCLUSION
Our study demonstrated the association between morphological changes and functional deficits during sexual arousal in postmenopausal women. It should be noted that the overlapping brain areas with functional and morphometric abnormalities are closely linked with menopausal symptoms. These findings are potentially important in understanding the brain dysfunction associated with morphological changes in menopause. 
